ABSTRACT Device-to-device (D2D) communications underlying cellular networks are a novel approach for providing IoT services, in which D2D communication links and cellular communication links share the same channels. Unfortunately, various kinds of devices are randomly distributed in cellular networks and potentially result in critical interferences. To solve the interference problem, we propose a novel greedy-based channel assignment algorithm in this paper. First, we construct a novel interference graph that describes the interferences between pairs of communication links when they simultaneously share the same channel. Then, a novel channel assignment algorithm is proposed to alleviate system interferences by greedily assigning the best channel to each communication link, which is simple and feasible to implement. Moreover, we convert the channel assignment problem into a robust graph coloring problem and search for a near-optimal solution to minimize the system interferences. Numerical results indicate that the proposed algorithm not only dramatically improves the network capacity but also enhances the fairness among devices.
I. INTRODUCTION
Internet of things (IoT) relies on cellular networks, called cellular IoT networks, and is a state-of-the-art technology that will support the effective interconnection of heterogeneous objects in future IoT devices because it can realize the global connectivity and ubiquitous coverage that are offered by cellular networks [1] , [2] . The IoT is fast growing and has been wide used in our daily life [3] , [4] . In 3GPP LTE Release 14, Further Enhancements to D2D (FeD2D) for IoT was proposed, with the intention to interconnect and control smart devices and support energy efficient connectivity of IoT devices and sensors. Device-to-Device (D2D) communication is an essential technique in the IoT/Cellular integration and supports heterogeneous object interconnection since it allows two devices that are close to each other to communicate directly with a dedicated link instead of through Base Stations (BSs) [5] , [6] .
In recent years, the in-band D2D communications can be used to facilitate ubiquitous, seamless, and quality services required for IoT, such as file sharing between nearby users, broadcasting information to several nearby devices and forwarding data as a conventional relay [7] , [8] . The
IoT devices can directly communicate with other devices by using D2D protocol, thus providing multiple performance benefits. First, the D2D links can achieve high data transmission rates, provide short transmission delays and consume less energy due to short communication distance and better channel quality [9] . Second, D2D links and cellular links can reuse the licensed cellular channels, leading to higher spectrum efficiency [10] .
However, D2D communication links can reuse the licensed channels with cellular devices, leading to strong interference among devices and affecting the network performance and quality services required for IoT. For example, in a conventional cellular network, a cellular device always associates itself with the BS that provides the strongest desired signal. An interference signal from another BS downlink or another device uplink is always received at a lower power than the desired signal due to the long communication distance or low transmission power. However, in a D2D underlying cellular network, a typical cellular device may suffer critical interference from D2D devices in proximity, and the interference signal could be stronger than the desired signal. This may lead to the degradation of network throughput due to a reduction in the link rate if the resources in the network are not reasonably allocated to links. Therefore, resource management algorithms which take interference into consideration become a hot topic in D2D underlying cellular networks and have been widely studied.
The most straightforward method for addressing the interference problem is a power control [11] - [13] . Wen et al. [11] propose a simple method for alleviating the interference from D2D links to cellular links. In such method, a predefined maximum power level is defined to control the interference so that the QoS of cellular users can be guaranteed due to the low interference strength from D2D transmitters. To minimize the overall power consumption or maximize the overall capacity of the network, some sophisticated power control methods have been introduced to address the interference problem [12] , [13] . Although reducing the transmit power of the D2D transmitter can mitigate the interference from D2D link to cellular link, the communication distances between D2D pairs are substantially limited.
Besides power control, another efficient method is to design intelligent resource management algorithms. Channel assignment algorithm that considers interference mitigation is a hot research area in D2D-enhanced cellular networks. Recent research efforts have focused on mitigating interferences between cellular communication links and D2D links. In Janis et al. [14] , Zulhasnine et al. [15] , and Min et al. [16] proposed channel assignment algorithms that allow only one cellular device and one D2D link to share a channel. However, this mechanism cannot provide a sufficient number of channels to realize the ubiquitous IoT when the number of IoT devices is larger than the number of cellular communications. Zulhasnine et al. [15] model the channel assignment problem as a mixed integer non-linear programming (MINLP) problem with the objective of maximizing the sum of the rates of devices. However, the MINLP problem usually has high computational complexity and cannot be solved in real time, especially when many devices and channels exist in the network. Moreover, some position-based channel assignment algorithms is proposed to mitigate the interference [17] , [18] . In [18] , the fraction frequency reuse (FFR) approach is adopted. The authors define two areas: the inner region and the outer region. Whether a D2D link and a cellular link can share the same channel is determined by their locations in the inner regions or outer region. However, the algorithms need to know the geographical locations of devices which cannot be accurately measured in indoor space.
Graph theory can be seen as an efficient and effective tool to model and analyze the interference problem and have been widely adopted by researchers [19] - [25] . The methods of constructing an interference graph are proposed in [19] and [20] . Zhang et al. [21] propose a graph based channel assignment algorithm with the objective of maximizing system sum rate. However, the solution needs an exhaustive search all assignment possibilities and does not scale well with an increasing number of devices in the system. In [22] , a weighted bipartite matching based algorithm is proposed to alleviate the system interferences. Dai et al. [23] first construct a hypergraph to characterize the interference among links, and then proposed a sparse code multiple access (SCMA) based algorithm to maximize system sum rate. However, majority of these algorithms focus on some special cases and hard to implement due to high computational complexity or overhead. The graph coloring problem (GCP), which is a popular model, has been used in wireless networks to address the interferences problem [24] , [25] . The graph coloring algorithm needs to construct a conflict graph, in which each vertex denotes a communication link (a cellular communication link or a D2D communication link), each edge represents the unacceptable interference between the vertices that it connects, and the available colors represent the system channels. The graph coloring algorithm avoids using the same color for adjacent vertices. As a result, the channels used by cellular links or D2D communication links can be shared with other cellular links or D2D communication links with a low interference level. Unfortunately, modeling the channel assignment problem to be a conventional GCP is inefficient since the edges in a conventional interference graph represent only the critical interferences from adjacent links, and the algorithms only mitigate the critical interference between adjacent vertices. The interferences from other remote devices are not considered in these algorithms. For a typical device, interferences that are caused by channel sharing can be divided into two parts: one is the strong interference from the adjacent devices, and the other is the weak interference from all other devices that share the resource with the typical device. Indeed, many weak interferences are added together to form a strong cumulative interference and potentially result in poor link capacity. Moreover, the conventional graph coloring algorithm aims to color all vertices with the fewest colors. Thus, the channels would be underutilized.
In this work, a novel graph-coloring based algorithm with low computational complexity is proposed to overcome the weaknesses of conventional GCP based channel assignment algorithms. The proposed algorithm aims to minimizing the overall interference in the network by iteratively color the uncolored vertices by finding the best color according to colored vertices in the interference graph.
The main contributions of this paper are summarized as follows:
1) A bidirected graph that contains all potential interference is constructed, in which each edge represents the interference strength between the vertices that it connects. 2) To achieve a proper tradeoff between the network capacity and the computational complexity, a greedybased graph coloring algorithm that mitigates the interferences between communication links is proposed. The key idea of the proposed algorithm is to find an appropriate color for each communication link based on the colored vertices in the interference graph.
VOLUME 6, 2018 3) To minimize the system interferences and to show the weaknesses of conventional GCP based algorithm, we convert the channel assignment problem into a robust graph coloring problem and search the nearoptimal solution. 4) We also perform comparisons with other algorithms, namely, random assignment and the conventional graph coloring algorithm. Simulation results indicate that the proposed greedy-based algorithm not only improves the system capacity but also enhances the fairness among devices with low computational complexity. The remainder of the paper is organized as follows. Section II gives an overview of the system model. Section III describes the construction of the interference graph and formulates our defined problem. The proposed greedy-based channel assignment algorithm is described in section IV. In section V, we introduce a robust graph coloring algorithm for finding the near-optimal solution of the interference minimization problem with Tabu search. We present the simulation results and make comparisons with other algorithms in Section VI. Section VII concludes this paper.
II. SYSTEM MODEL
In this paper, we focus on an uplink scenario in a D2D underlying cellular network [16] , [26] . The D2D device can be a regular cellular device or an IoT device. The communication mode is shown in Fig. 1 . The most common approach is that the uplinks of cellular devices and IoT devices use the spectral resource simultaneously, because the channels in the uplink (UL) are not as fully utilized as those in the downlink (DL) of the network due to their asymmetric traffic flows. The full-control D2D is investigated since the network can easily coordinate D2D and cellular communications, i.e., D2D communication is fully controlled by the base station, including channel assignment and admission control. A D2D pair consists of two D2D devices, namely, a D2D receiver and a D2D transmitter, and the data are transmitted directly from the D2D transmitter to the D2D receiver. There are two types of communication links in the network: the cellular communication links between the 
BS and cellular devices, and the D2D communication links
between the devices in a D2D pair. Free sharing is considered; i.e., D2D links and cellular communication links may utilize the same channels, which will result in the critical interference scenario. Therefore, superior interference management is needed to mitigate the interference.
We also assume that the BS works as a centralized scheduler that collects the interference information from all cellular links and D2D links [27] , [28] . If two devices in proximity want to communicate with each other, the transmitter first sends a D2D communication request to the associated BS. Subsequently, the BS assigns an appropriate channel to the communication link according to the channel assignment algorithm. The main notations of the network parameters are given in Table 1 .
Let x i,j be a binary variable that denotes the channel sharing status, where x i,k = 1 and x j,k = 1 indicate that cellular device C i and D2D pair D j , respectively, occupy channel k. x i,k = 0 and x j,k = 0 indicate that the cellular device C i and D2D pair D j , respectively, do not occupy channel k. We further assume that each channel can be assigned to only one cellular communication link and more than one D2D communication link. Each communication link occupies only one channel for its data transmission. The interferences are created by multiple links that share the same channel. As shown in Fig. 2 , three kinds of interference exist in the D2D-enhanced cellular IoT network: 1) C2D interference: the interference from a cellular device to a D2D receiver or the interference from a cellular link to a D2D link; 2) D2C interference: the interference from a D2D transmitter to the BS or the interference from a D2D link to a cellular link; and 3) D2D interference: the interference from one D2D pair transmitter to another D2D pair receiver, or the interference from one D2D link to another D2D link. For C i , the suffered interferences come from the D2D transmitters that share the same channel with C i . Thus, the signal to interference plus noise ratio (SINR) at cellular device C i can be calculated as
where the first term of the denominator is the sum of the interferences from D2D links, which are caused by channel sharing. Different from cellular devices, the interference for a D2D receiver is generated not only by cellular devices but also by other D2D pairs that occupy the same channel. The SINR at D R j can be calculated as (2) , as shown at the bottom of the page, where the first and second terms of the denominator are the co-channel interferences and come from the transmitters of the D2D link D j and cellular device C i . According to (1) and (2), the suffered interference at a device mainly is determined by two factors: one is the number of links that share the channel; the other is determined by channel gains
which are related to their locations. Once we know the SINR of a device, the transmission rate can be calculated according to the Shannon capacity formula, i.e., the transmission rate of C i is
and the transmission rate of D j is
Moreover, we note that two devices that are far away from each other are unlikely to cause significant interference due to the high path loss. Therefore, a device prefers to choose a channel that is not being used by its neighboring devices. With this in mind, we proposed a novel interferencegraph-based algorithm for mitigating interferences in the network.
III. GRAPH CONSTRUCTION AND PROBLEM FORMULATION A. GRAPH CONSTRUCTION
The graph coloring is a classic problem [29] . It requires all vertices of a graph to be colored in such a way that two vertices that are connected by an edge cannot be colored by the same color. The aim of the graph coloring problem (GCP) is to utilize the fewest colors to color all vertices. For the considered application, this approach leads to the underutilization of channel resources and cannot mitigate the accumulated interferences. Moreover, determining how to select an appropriate threshold for defining the adjacent vertices is still a difficult problem. Therefore, the conventional graph coloring problem does not suit the channel assignment problem in cellular IoT networks.
For addressing the channel assignment problem, a bidirected graph G = (V , E) is constructed where each vertex in set V denotes a communication link (a cellular communication link or a D2D link) and each edge in set E denotes the interference relationship between two vertices. The metric for the edges is called the interference strength. It describes the interference relationship between two vertices, which is defined as the received interference power. We claim that the constructed graph is different from that constructed in [25] and [30] , which ignores the accumulated interference; in contrast, the graph that is constructed in our work contains all potential interference in the network.
The interference graph can be expressed as a (M + N ) × (M + N ) matrix that describes the interference strengths between links in the whole cell. 
Obviously, two cellular devices cannot interfere with each other because they must use different channels. A communication link cannot interfere with itself. Therefore, we set the
weights of the corresponding edges to infinity. The other three terms in (5) denote the D2C, C2D and D2D interferences, respectively. To construct the interference graph, the BS must collect the global channel information. In order to control overhead, this mechanism can be realized by that device measure signal and send the channel information periodically. After this, the BS can execute the proposed channel assignment algorithm and send control signal to devices to notice the allocated channel.
B. PROBLEM FORMULATION
Based on the interference graph that was constructed above, the channel assignment problem can be formulated as an interference minimization problem that aims to minimize the sum of the interferences in the network as follows:
C2 :
C4 : x ∈ {0, 1} |V |×K (10) where x is a feasible solution of problem (6) and x m,k is an element of x. The objective is to minimize the sum of the interferences that are introduced by channel reuse over all feasible solutions x. C1 and C2 represent that each communication link must be assigned a channel. The optimization problem presented in (6) is an NP-hard mixed-integer programming problem. It implies that there is no polynomial-time algorithm to find an optimal solution. Although we can find the optimal solution by exhaustively checking all possible values of x that satisfy the constraints. However, this is still difficult since it involves large computational complexity. To apply the channel assignment algorithm to practical networks and solve the problems in a feasible way, we find a proper tradeoff between the network capacity and the computational complexity. We propose a greedybased graph coloring approach in the next section. After that, we convert the channel assignment problem into a robust graph coloring problem to find the near-optimal solution of problem (6).
IV. PROPOSED GREEDY-BASED ALGORITHM
Here, we introduce the greedy-based channel assignment algorithm. We first claim that each channel is associated with a color, and the number of colors equals the number of channels. We also assume that the colors of the colored vertices are not changed until all vertices have been colored. Then, the channel assignment problem can be restated as follows: given the interference graph, and a set of colors, how can this graph be colored to minimize the sum of the weighted edges of the vertices that share the same colors?
Although in the literature which proposed in [24] and [25] , also model the channel assignment problem be a graph coloring problem. There are obvious differences between our work and the existing work and we will make a comparison between our proposed algorithm and the previous work. First, our construct graph is a bidirected graph which contains all the interference information. Second, the proposed coloring algorithm tries to minimize the overall system interference. The basic idea is to iteratively color the uncolored vertices by finding the best color according to current snapshot of colored vertices in the graph.
We note that cellular devices in a cell are not permitted to share any channels, because the BS cannot receive more than one signal on a channel, i.e., all cellular devices in the same cell transmit their data to the BS. If different links were to share the same channel, the signals from the cellular devices would be mixed at the BS, which would make it difficult for the BS to correctly receive the desired signal. Due to the short communication distance of IoT devices, a D2D link can reuse the same channel with the other D2D link or cellular link. Therefore, we proposed a two-step coloring algorithm in this paper. The first step is to assign different channels to cellular devices one by one. The second step is a graph coloring algorithm that greedily selects the best color and assigns it to an uncolored D2D vertex. The best color for a typical D2D vertex is the color that minimizes the overall interference with the uncolored D2D link. The algorithm is terminated when all the vertices have been colored.
According to the interference graph, the sum of the mutual interferences between vertex v m and v n is
We define the sum of the interferences that are suffered at D2D vertex v m as
For a typical vertex, we can reduce the suffered interference by choosing a color that minimizes the interference with the typical vertex according to (11) and (12) .
The following sets are defined to facilitate the description of the algorithm: L(v n ) : the color used by vertex v n (if v n is uncolored, L(v n ) = ∅); ς : the set of candidate colors; ξ : the set of interference vertices.
The proposed algorithm assigns a channel that has been occupied by a cellular device to a D2D pair in each round. This coloring algorithm handles D2D pairs one after another and performs a greedy assignment in each round. Note that unlike the conventional graph coloring algorithm, which only allocates different colors to neighboring vertices, in this work, a channel is expected to be shared by links that are far away from each other. Our objective is to find a color that has not been used in the largest neighboring region, and then assign the color to the D2D pair. The algorithm makes assignments in an order that depends on the sum of the suffered interferences of device, from highest to lowest, so that the node with strongest interference is served first. The proposed coloring algorithm is described in Algorithm 1.
Algorithm 1 Channel Assignment for D2D Communications
Initialization: Construct the interference graph G = (V , E) and initialize the parameters: S m , S m,n Allocating the different channels to cellular devices one by one. S p,n . 
5:
ξ = ξ \ v q . 6: ς = ς\ L v q . 7: end while 8: D = D\ v p . 9: k = L(ς ) x p,k = 1
11:End while Output: x
For a typical uncolored vertex, ξ is the set of interference vertices. At the beginning, it contains all vertices in the graph, except the typical vertex, and the candidate set of colors ς contains all colors in the system. We first find a vertex v p that suffers the strongest total interference (if two or more vertices have the equal total interference, we select randomly one of them) and then find the vertex v q that has the largest interference with v p . (if two or more vertices have the largest interference to v q , we select randomly one of them). Subsequently, we remove v q from the interference set and its color L(v q ) from ς . This process is repeated until there is only one color left in ς , and then color v p with color L(ς ). In this way, the suffered interference at v p can be minimized. When D is empty, all vertices have been colored. Fig. 3 is an illustrative example of finding the best color for the uncolored vertex D 1 . In the beginning, the proposed graph coloring algorithm establishes a candidate color set, which contains three colors, and an interference vertex set, which contains all colored vertices. Then, find the vertex C 1 that has the strong interference with D 1 . Subsequently, remove the vertex C 1 from the interference vertex set, and remove its color from the candidate color set. Then, find the next vertex D 3 that has the strongest interference with D 1 and update the candidate color set and interference vertex set. Then is D 2 . When there is only one color left in the candidate color set, we find the best color for D 1 and color D 1 with this color. Note that the proposed greedy-based algorithm achieves a locally optimal solution with each D2D vertex coloring because the proposed algorithm always selects the best color for an uncolored D2D vertex according to the current colored vertices, which guarantees the local optimality.
A. COMPLEXITY ANALYSIS
The proposed channel assignment algorithm finds the best color for a D2D vertex in a greedy manner. For a different network scenario, such as different device locations, a different interference graph is constructed, which leads to a different computational complexity. Therefore, we analyze the complexity in the worst case. Given the number of devices in the system, we first construct the interference graph and then compute S m,n and S m with the same complexity of O[(M + N ) 2 ]. For allocating different colors to cellular devices with complexity M , when coloring a vertex, we first select an uncolored D2D vertex with the highest value from S m,n ; this operation has complexity (M +N ). Then, we choose the best color from the candidate set by examining all remaining vertices, so the complexity of coloring one D2D vertex is (M +N −1)+(M +N −2)+· · ·+1 in the worst case. Therefore, the complexity of the coloring algorithm is
V. RGCP-BASED ALGORITHM
To evaluate the efficiency of the proposed greedy-based algorithm and show the weaknesses of the GCP based algorithms, we convert the channel assignment problem which has been presented in (6) to a RGCP (robust graph coloring problem). The GCP is popular and has been widely applied in channel assignment problem to mitigate the critical interferences. For a constructed graph, the aim of GCP is to use the fewest colors to color all the vertices in the graph, without coloring nearby vertices using the same color. To better address the channel assignment problem, the RGCP has been adopted in this paper to fully utilize the channels and minimize the sum of the interferences [31] . Three main differences between GCP and RGCP are as follows: 1) In RGCP, each pair of nonadjacent vertices can be connected by a new weighted edge. 2) RGCP uses K colors to color all vertices in the graph, where K is the number of available colors in the problem. In other words, colors, or channels, can be fully utilized in RGCP. 3) RGCP aims to minimize the sum of the weighted edges, as in problem (6) . To convert the interference minimization problem into an RGCP, we first claim that if the interference strength between v m and v n exceeds a predefined value I th , v m and v n cannot share the same channel simultaneously. The parameter I th represents the critical interference between two devices in the network, which can be determined according to the device SINR requirement or QoS requirement.
To find a near-optimal solution of the RGCP, a new bidirected graph G = (V , E ) should be constructed according to the following rules:
1) Each element in the vertex set V denotes a communication link (a cellular communication link or a D2D link); 2) Each element in the edge set E denotes the interference strength or adjacency relationship between two vertices. The weight of each element e (v m , v n ) in E can be calculated as
A. TABU SEARCH
We define a feasible solution as a solution for which the sum of the weighted edges is finite. Unfortunately, the RGCP is also an NP-hard problem, so it is not possible to find the optimal solution in real time [31] . The solution space for the RGCP is (M + N ) K since a vertex can select any color in K in the worst case. We note that the cellular devices cannot share any channels. Therefore, we can obtain an optimal solution by two steps. In first step, we assign different colors to the cellular devices one by one. Then, we need to color the vertices that represent the D2D links and the feasible solution space can be reduced to N K . To reduce the computational complexity, we find the near-optimal solutions based on Tabu Search (TS) [33] .
In our TS algorithm, we first generate an initial solution by randomly assigning colors to vertices. Then, we improve the solution iteratively by finding neighboring solutions. The number of iterations is denoted by tMax. The details of the two basic concepts are presented as follows:
1) INITIAL SOLUTION
The initial solution is created by random coloring (RC), which assigns colors to vertices randomly. with f = t and f ∈ K.
5:
if As described above, the robust graph coloring problem with the Tabu search method solves the channel assignment problem iteratively; that is, the recoloring and neighbor finding procedures reduce the sum of the interferences, compared to the previous result. From the steps of TS, it is obvious that no two vertices that have high interference are assigned the same color, since the sum of the interferences would be larger than that in the previous solution.
B. COMPLEXITY ANALYSIS
The complexity of computing the total interference is O (MN) . Therefore, the total computational complexity of robust graph coloring with Tabu search can be calculated as O (tMaxNM), which is affected by the number of iterations.
VI. SIMULATION RESULTS AND DISCUSSIONS
To validate the performance of proposed greedy-based algorithm, we present numerical results and make comparisons in this section. The main system parameters are provided in Table 2 . In our simulation setup, all devices are uniformly deployment in the cell. The distance between two devices in a D2D pair follows a uniform distribution on (a, b).
For obtaining a near-optimal solution with acceptable computational complexity and overhead, we note that only one round of information exchange is added: first the devices measure the channel gain and send it to the BS; then, the BS collects the channel gains of the links by periodically receiving information from the devices; finally, the BS executes the proposed channel assignment algorithm and sends the control signal to the devices. Compared to the robust graph coloring algorithm via Tabu search, the computational complexity of the proposed greedy-based algorithm is far lower than that of RGCP with Tabu search. This is because the RGCP method requires a number of considerable iterations to find the nearoptimal solution. This indicates that the proposed algorithm is suitable for practical networks.
To evaluate the effectiveness of the proposed algorithm, we compare the greedy-based algorithm with RGC, a random assignment algorithm and a conventional graph coloring algorithm (denoted as GC), which is described in [24] . The random assignment algorithm is simple, since it colors each D2D vertex with a randomly selected color. Moreover, we compare the cell capacities, Cumulative Distribution Functions (CDFs) of the link rate and the values of Jain's fairness index among the three algorithms. Jain's fairness index [33] , in our work, is defined as
Fig . 4 shows the system capacity that is achieved by adopting the RGC algorithm with varying tMax. It is obvious that the value of tMax has a considerable effect on the system throughput. For a certain number of D2D communication links N , the network capacity improves as the number of the iterations increases at first, then becomes more stable, and finally converges to a certain value. When N = 20 and tMax > 40000, the system obtains a near-optimal solution, since the system capacity is stable when tMax increases. This indicates that the system capacity is limited by the number of channels. However, when N = 50, the system throughput increases until tMax > 70000. This demonstrates that the search space can grow exponentially with the value of N increasing, which significantly increases the computational complexity of robust graph coloring. Fig. 5 shows the capacities of the whole system under the three algorithms. The system capacity under the proposed algorithm is close to that under the RGC algorithm, which achieves the best capacity. We also observe that as the number of D2D pairs increases, the rates of increment decrease. This indicates that when the number of D2D pairs becomes large enough, the cell capacity is limited by the system interferences, under the assumption that the number of channels in the system is limited. This occurs because when the number of D2D pairs grows, more devices share the same channel, leading to large accumulated interferences and a low link VOLUME 6, 2018 capacity in the network. Moreover, the GC algorithm outperforms the random assignment algorithm because the GC algorithm mitigates the critical interference between adjacent links. The RGC algorithm has the highest capacity performance since it obtains the near-optimal solution through exhaustive search. It should be noted that when N > 40, the system capacity is decreased when the system assigns channels to links randomly. This is because frequent channel reuse cannot bring gains due to critical interferences. Fig. 6 shows the CDFs of the throughput of devices with M = 10 and N = 50. Both the proposed greedy-based algorithm and RGC achieve good throughput distributions. This is because RGC with Tabu search finds the optimal solution by exhaustive search. Our proposed algorithm tries to minimize the interference by finding a locally optimal channel; i.e., the devices that use the same channel are far away from one another. Therefore, relatively few devices have low throughput and relatively few devices have high throughput. The GC algorithm only assigns different channels to nearby devices and the random assignment algorithm causes critical interference between neighboring devices; therefore, these two algorithms result in low throughput. This implies that the proposed greedy-based algorithm achieves the best performance. In Fig. 7 , we compare the values of Jain's fairness index of the four algorithms. The devices that suffer strong interference greatly limit the link capacity and result in poor fairness of link rates. We first observe that the proposed algorithm and RGC achieve higher values of Jain's fairness index, compared to GC and random assignment. This is because both the proposed algorithm and RGC try to minimize the overall interference in the cellular network, thereby leading to light interference among devices. Moreover, because the GC algorithm mitigates the critical interferences by preventing adjacent links from sharing the same channel, the GC algorithm outperforms the random assignment algorithm in terms of fairness.
VII. CONCLUSION
In this paper, we have investigated the interference problem in D2D underlying cellular IoT networks by using graphcoloring-based methods. To minimize the overall interferences, a novel greedy-based coloring algorithm is proposed. The main idea of the algorithm is to find an appropriate color for each communication link based on the current coloring snapshot and the step is to assign channels. We also convert the channel assignment problem to a RGCP problem and search the near-optimal solution to show the weaknesses of conventional GCP-based algorithms. The simulation results demonstrate that the proposed greedy-based algorithm not only increases the network capacity significantly but also improves the fairness among devices with relatively low computational complexity, compared to the other algorithms. 
